The small GTPase Rac controls cell morphology, gene expression, and reactive oxygen species formation. Manipulations of Rac activity levels in the cerebellum result in motor coordination defects, but activators of Rac in the cerebellum are unknown. P-Rex family guanine-nucleotide exchange factors activate Rac. We show here that, whereas P-Rex1 expression within the brain is widespread, P-Rex2 is specifically expressed in the Purkinje neurons of the cerebellum. We have generated P-Rex2 ؊/؊ and P-Rex1 ؊/؊ /PRex2 ؊/؊ mice, analyzed their Purkinje cell morphology, and assessed their motor functions in behavior tests. The main dendrite is thinned in Purkinje cells of P-Rex2 ؊/؊ pups and dendrite structure appears disordered in Purkinje cells of adult P-Rex2 ؊/؊ and P-Rex1 ؊/؊ /P-Rex2 ؊/؊ mice. P-Rex2 ؊/؊ mice show a mild motor coordination defect that progressively worsens with age and is more pronounced in females than in males. P-Rex1 ؊/؊ /P-Rex2 ؊/؊ mice are ataxic, with reduced basic motor activity and abnormal posture and gait, as well as impaired motor coordination even at a young age. We conclude that P-Rex1 and P-Rex2 are important regulators of Purkinje cell morphology and cerebellar function.
T
he small GTPase Rac (isoforms 1, 2, and 3) controls the structure of the actomyosin cytoskeleton, gene expression, and reactive oxygen species (ROS) formation (1) . In the nervous system, Rac is essential for all stages of neuronal development (neurite, axon, and dendrite formation, axon pathfinding, dendrite branching and dendritic spine formation, and survival), as shown by manipulations of Rac activity in the nervous system of animals, neuronal cell lines, and primary cultures (2) .
Deletion of the ubiquitous Rac1 from the mouse, whether total or specifically in the brain, is embryonic lethal (3, 4) , but transgenic overexpression of constitutively active Rac1 in the Purkinje neurons of the cerebellum results in severe ataxia, with animals unable to walk in a straight line and poor performance on the rotarod (5) . Similarly, deletion of nervous system-specific Rac3 results in an increased ability for learning and coordination of skilled movements (6) , deletion of the Rac-GAP ␣-Chimerin induces a hopping gait due to misguidance of corticospinal tract axons (7) , and deletion of the brain-specific form of the Rac-effector Wave, which links Rac to the actin cytoskeleton, causes defects in motor coordination, learning, and memory (8) .
Like all small GTPases, Rac is activated by guanine-nucleotide exchange factors (GEFs) (9) . Several Rac-GEFs are known to control neuronal development: Tiam1/Stef regulates neurite and axon outgrowth and dendritic spine formation (2, 10); Vav2 and Vav3 control axon outgrowth from retina to thalamus (11) ; Trio governs neurite outgrowth, axon extension, and pathfinding (2); Kalirin regulates neurite and axon outgrowth and dendritic spine formation (2); Dock180 controls neurite outgrowth (12) and Dock7, axon formation (13); GEFT and ␤PIX regulate dendritic spine formation (14, 15) ; and Alsin regulates neuronal survival (16, 17) . Which GEFs activate Rac in the cerebellum is unknown.
The P-Rex family of Rac-GEFs differs from others in their mode of regulation: they are synergistically activated by the ␤␥-subunits of heterotrimeric G proteins and by the phosphatidylinositol (3, 4, 5) -trisphosphate that is generated by phosphoinositide-3-kinase (PI3K), as coincidence detectors for the stimulation of G proteincoupled receptors (GPCRs) and PI3K (18) . The P-Rex family comprises P-Rex1, P-Rex2, and P-Rex2b (18) (19) (20) . Northern blots suggest that P-Rex1 is expressed in white blood cells and brain (18) , P-Rex2 more widely but not in leukocytes (19) , and P-Rex2b, a splice variant of P-Rex2, only in the heart (20) . P-Rex1 regulates GPCR-dependent Rac2 activation, ROS production, and chemotaxis in neutrophils, and neutrophil recruitment to inflammatory sites (21, 22) . In PC12 cells, P-Rex1 controls neurotrophinstimulated cell migration (23) . In HUVEC cells, P-Rex2b governs Rac1 activation and cell migration in response to sphingosine 1-phosphate (24) . The functional importance of P-Rex2 is unknown. To study it, we have generated P-Rex2 Ϫ/Ϫ and P-Rex1
Ϫ/Ϫ / P-Rex2 Ϫ/Ϫ mice and analyzed the effects of P-Rex deficiency on Purkinje cell morphology and mouse behavior. We report that the P-Rex Rac-GEF family controls cerebellar morphology and function.
Results P-Rex2-Deficient Mice Are Viable and Fertile and Appear Healthy. We have generated P-Rex2-deficient mice by using the gene-trapped embryonic stem cell line RRD186 from BayGenomics that has a pGT1Lxf-targeting vector insertion between exons 34 and 35 of mouse P-Rex2 (supporting information (SI) Figs. 7 and 8). P-Rex2 Ϫ/Ϫ animals were obtained with the expected Mendelian frequency, viable, fertile, and apparently healthy. They had normal longevity, normal body weight at a young age, and normal appearance and weight of major organs (SI Fig. 8C ), although P-Rex2 Ϫ/Ϫ females developed significantly lower body weight than controls later in life (SI Fig. 8D ).
P-Rex2
Protein Is Expressed in Brain and Lung. We raised sheep polyclonal antibodies against peptide 794-805 of mouse P-Rex2 and rabbit polyclonal antibodies against amino acids 717-799 of mouse P-Rex2 and affinity purified them (SI Fig. 9A ). Western blots using the sheep antibodies revealed that, in adult wild-type (Wt) mice, P-Rex2 protein is abundant in brain and lung. Low-level expression was detectable in liver, thymus, and spleen (Fig. 1A) .
Essentially the same results were obtained with the rabbit antibodies (data not shown). Hence, the distribution of P-Rex2 protein is more restricted than expected from Northern blot analysis (19) . P-Rex2 protein was deleted in the P-Rex2 Ϫ/Ϫ mouse ( Fig. 1 A) .
Within the Brain, P-Rex2 Is Expressed in the Purkinje Neurons of the Cerebellum. P-Rex2 Ϫ/Ϫ mouse brains showed no obvious anatomical defects (data not shown). Western blotting of brain sections revealed that P-Rex2 expression is highly concentrated in the cerebellum, although low-level expression was detected in the frontal cortex, striatum, amygdala and hippocampus (Fig. 1B) , but at least fivefold lower than in cerebellum, as judged by densitometric scanning and National Institutes of Health ImageJ analysis. Cerebellar P-Rex2 expression was detectable in pups from 5 days of age, increased until at least 17 days of age, and stayed high throughout life (SI Fig. 9B , and data not shown). Expression of P-Rex2 was abrogated in the P-Rex2 Ϫ/Ϫ brain (Fig. 1B) . In situ hybridization showed that, like P-Rex2 protein, P-Rex2 mRNA was highly restricted to the cerebellum and deleted in P-Rex2 Ϫ/Ϫ mice (Fig. 1C) . Similar results were obtained with four different probes (data not shown). Silver-emulsion labeling of the in situ hybridization slides gave P-Rex2 signal in the Purkinje neuron layer and within the molecular layer that contains the dendrites of Purkinje cells (Fig. 1D ), suggesting that P-Rex2 may be expressed in Purkinje neurons. To confirm this, we used transgenic mice expressing EGFP under a Purkinje cell-specific promoter, Pcp2 (25) . We FACS-sorted their EGFP-positive Purkinje neurons from other cell types in a cerebellar suspension (25) and Western blotted both populations for P-Rex2 expression. Indeed, P-Rex2 protein was found specifically in Purkinje cells (Fig. 1E) .
Purkinje Cell Dendrite Morphology Is Altered in P-Rex2 ؊/؊ Mice. To look for potential morphological defects in Purkinje cells from P-Rex2 Ϫ/Ϫ mice, we crossed P-Rex2
Ϫ/Ϫ and Pcp2-EGFP mice to obtain mice with fluorescent green Purkinje cells and either P-Rex2 Ϫ/Ϫ or P-Rex2 ϩ/ϩ , and analyzed cerebellar slices by confocal microscopy. The cerebellar morphology of EGFP-P-Rex2 Ϫ/Ϫ mice and alignment of Purkinje cells between the granular and molecular layers appeared normal. Equally, axon and dendrite outgrowth in the developing Purkinje cells of EGFP/P-Rex2 Ϫ/Ϫ pups ( Fig. 2A) , dendrite branching, and dendritic spine formation appeared largely as in EGFP/P-Rex2 ϩ/ϩ littermate pups ( Fig. 2B and SI Fig. 10 A  and B) .
To analyze the morphology of mature Purkinje cells, we prepared cerebellar slices from adult P-Rex2 Ϫ/Ϫ and P-Rex2 ϩ/ϩ animals, stained for the Purkinje cell marker Calbindin, and analyzed slices by confocal fluorescence microscopy. This revealed that Purkinje cell dendrite structure is abnormal in adult P-Rex2 Ϫ/Ϫ mice ( Fig.  2C) : the main dendritic trunk appeared shriveled and unordered in P-Rex2 Ϫ/Ϫ cells. Compared with Wt cells, the base of the main trunk was only clearly visible in half the P-Rex2 Ϫ/Ϫ cells, whereas the width of the molecular layer was normal ( Fig. 2 C and D) . The defect persisted throughout adulthood and was similar in 3-and 20-month-old animals (Fig. 2D) .
To investigate the likely underlying cause for this defect, we analyzed high-resolution confocal Purkinje cell image stacks from 18-day-old EGFP-P-Rex2 Ϫ/Ϫ and EGFP-P-Rex2 ϩ/ϩ mice by using Volocity software (Fig. 2 E and F and SI Fig. 10 ). This showed that the diameter of the P-Rex2 Ϫ/Ϫ main Purkinje cell dendrite was reduced by Ϸ20% (Fig. 2E ). In addition, the length of the main Purkinje cell dendrite (to a major branch point), although highly variable between cells, showed a tendency to be shorter in P-Rex2 Ϫ/Ϫ mice (SI Fig. 10B and Fig. 2F ). Hence, Purkinje cell dendrite structure is impaired in pups and adult P-Rex2 Ϫ/Ϫ mice. P-Rex2 Deficiency Causes a Motor Coordination Defect. The cerebellum regulates the learning and coordination of skilled movements (26, 27) . Cerebellar defects, either through injury or degenerative genetic disorders, such as spinocerebellar ataxia, manifest themselves as disturbances of posture and voluntary movement (28) . To reveal a potential role of P-Rex2 in motor coordination, we examined P-Rex2 Ϫ/Ϫ mouse behavior by using an established battery of neurological tests for cerebellar dysfunction. We tested a cohort of 53 P-Rex2 Ϫ/Ϫ and P-Rex2 ϩ/ϩ mice (at least 12 males and 12 females per group) at 2, 6, 9, 12, and 15 months of age.
The classic test for mouse motor coordination is the rotarod test (SI Movie 1) (29 similar for P-Rex2 Ϫ/Ϫ and P-Rex2 ϩ/ϩ mice (data not shown), P-Rex2 Ϫ/Ϫ mice were unable to perform efficiently on the rotarod ( Fig. 3 and SI Movie 1). With increasing age, the ability to actively run on the rod (i.e., not to fall off or turn passively clinging on) decreased in P-Rex2 Ϫ/Ϫ females more than in P-Rex2 ϩ/ϩ females (Fig. 3A) , and they also did more passive turning and fell off earlier ( Fig. 3 B and C) . The defect in P-Rex2 Ϫ/Ϫ males was more subtle. Although male P-Rex2
Ϫ/Ϫ and P-Rex2 ϩ/ϩ mice achieved similar times of active running, P-Rex2 Ϫ/Ϫ males tended to cling on and turn passively with the rod when starting to struggle, rather than falling off ( Fig. 3 B and C). Both male and female P-Rex2 Ϫ/Ϫ mice made significantly more foot slips on the rod than controls (Fig.  3D) . Again, this defect was greater in females, obvious after the age of 6 months, and bigger in old age. We confirmed the motor coordination defect in the rotarod test in independent experiments with two additional cohorts of mice, one at 2-3 months and one at 9 months of age, which gave similar results (data not shown).
To analyze P-Rex2 Ϫ/Ϫ mouse motor behavior further, we measured basic sensory motor functions in the SHIRPA test (visual placing, negative geotaxis, grip strength, and wire maneuver), which were normal throughout (data not shown). Basic locomotor activity, measured by using infrared-beam-equipped ''activity boxes'' to record short-range movements of the mice (beam breaks) and runs through the whole box (30) , was significantly reduced in P-Rex2 Ϫ/Ϫ mice (SI Fig. 11 A) . For P-Rex2 Ϫ/Ϫ males, this defect became larger with age, whereas in females it was mild but persisted throughout life. To detect gait abnormalities, we analyzed mouse footprint patterns (29, 31) . Gait was normal (front-leg gait width, hind-leg gait width, front/hind leg overlap; data not shown), except for stride length that was somewhat reduced in old P-Rex2 Ϫ/Ϫ mice (SI Fig.  11B ). From 12 months of age, P-Rex2 Ϫ/Ϫ animals had a tendency for limb clasping, holding their hind legs in an abnormally tucked-in position when lifted up by the tail, instead of showing normal escape posture (data not shown). We also tested acoustic startle and prepulse inhibition in our P-Rex2 Ϫ/Ϫ mice, because several proteins involved in these responses have been implicated in cerebellar dysfunction (29, (32) (33) (34) . We found increased acoustic startle in P-Rex2 Ϫ/Ϫ males throughout life, and this increase was not because of oversensitive or impaired hearing judging by the normal prepulse inhibition (SI Fig. 12 A) . In P-Rex2 Ϫ/Ϫ females, startle was elevated at early age (SI Fig. 12 A) , but this was not confirmed in our second cohort of mice, so may not reflect a true defect (data not shown).
To test for potential effects on anxiety levels, we performed elevated plus-maze tests, where animals are given the choice to hide or explore open spaces (35) . This showed no defect in P-Rex2 Ϫ/Ϫ mice (SI Fig. 12B ). We tested for P-Rex2 expression in female versus male cerebellum by Western blotting, which showed no sex-differential P-Rex2 expression (data not shown). To control for potential differences in the estrus cycle of P-Rex2 Ϫ/Ϫ and P-Rex2 ϩ/ϩ females, we regularly performed vaginal smear tests that showed no detectable differences (data not shown).
In summary, the P-Rex2 Ϫ/Ϫ mouse has a mild motor coordination defect consistent with cerebellar dysfunction that worsens with age and is more pronounced in females than in males.
P-Rex1 Is Expressed Widely Throughout the Brain, Including the
Cerebellum. P-Rex2 is not the only family member in the brain. P-Rex1 expression in the brain, although not as high as in neutrophils, is substantial (Fig. 4A) . Yoshizawa et al. (23) reported the distribution of P-Rex1 within the brain to be widespread. We confirm their findings through P-Rex1 Western blotting of mouse brain slices by using 6F12 mAb (22) (Fig. 4B) , and P-Rex1 in situ hybridization by using a probe against exon 5 (Fig. 4C) . The expression of P-Rex1 mRNA and protein in the brain is abolished in our P-Rex1 Ϫ/Ϫ mouse (22) (Fig. 4 B and C) . Analysis of Purkinje cell structure by Calbindin staining of cerebellar slices from adult P-Rex1 Ϫ/Ϫ mice (as shown for P-Rex2 Ϫ/Ϫ mice in Fig. 2 C and D) revealed no defect in the structure of the main dendrite (SI Fig.  13A) . Similarly, motor behavior tests (rotarod, basic locomotor activity, SHIRPA, and posture tests), which were performed with a cohort of 20 two-month-old P-Rex1
Ϫ/Ϫ and P-Rex1 ϩ/ϩ mice (at least four males and four females per genotype) showed no significant motor impairment, although there seemed to be slight tendencies for the P-Rex1 Ϫ/Ϫ mice to perform worse than controls in some tests (SI Fig. 13 B-D) . Hence, although P-Rex1 is expressed in the cerebellum, P-Rex1 deficiency alone does not cause significant impairments of Purkinje cell structure or motor behavior.
P-Rex1 ؊/؊ /P-Rex2 ؊/؊ Mice Have a Defect in Purkinje Cell Dendrite
Morphology. Western blotting of total brain lysates showed that the levels of P-Rex1 protein are not up-regulated globally in P-Rex2 Ϫ/Ϫ mouse brain, and vice versa (SI Fig. 14A ). To study possible functional redundancies of P-Rex1 and P-Rex2 in the brain, we generated P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice (SI Fig. 14B ). They were obtained with the expected Mendelian frequency and were viable, fertile, and apparently healthy, although females had significantly higher and males lower body weight than controls (SI Fig. 14C ). Gross P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mouse brain anatomy was normal (data not shown). To analyze Purkinje cell morphology in P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice, we Calbindin-stained cerebellar slices from 8-day-old and adult animals (Fig. 5 ). As in P-Rex2 Ϫ/Ϫ mice, Purkinje cell alignment and axon and dendrite outgrowth appeared largely normal in the pups (Fig. 5A) , but Purkinje cells of adult P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice showed the familiar disordered structure of the main dendritic trunk and a disordered appearance of the whole dendritic tree (Fig. 5B) .
P-Rex1 ؊/؊ /P-Rex2 ؊/؊ Mice Have a Strong Motor Defect Even at a Young Age. To determine whether P-Rex1 contributes to the control of motor coordination by P-Rex2, we tested a cohort of 43 P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ and control mice (at least 10 males and 8 females per genotype). As with P-Rex2 Ϫ/Ϫ animals of the same age, learning to run on the rotarod was normal in P-Rex1
Ϫ/Ϫ /P-Rex2
mice (data not shown), and they managed to run actively on the rod for the same time as controls, but both male and female P-Rex1 Ϫ/Ϫ / P-Rex2 Ϫ/Ϫ mice did more passive turning and foot slips than controls (Fig. 6A ). Furthermore, P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice, especially the females, showed fewer displacement activities (standing up, stretching to look up, reversing direction, or grooming), presumably because they had to concentrate harder on staying on the rod (Fig. 6A) . We had also observed this in P-Rex2 Ϫ/Ϫ females, but the defect was smaller and not always significant (data not shown).
In beam-walking tests, P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ animals took significantly longer than controls to complete the course, females even on wide, ''easy'' beam types (Fig. 6B) . Again, we had observed a similar defect in old P-Rex2 Ϫ/Ϫ females but this was only significant for narrow beams (data not shown). Rotarod and beam-walking tests together reveal a motor coordination defect in P-Rex1 Ϫ/Ϫ /PRex2 Ϫ/Ϫ mice that is stronger than in P-Rex2 Ϫ/Ϫ mice and already apparent at an early age.
Basic locomotor activity was also significantly reduced in P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice (Fig. 6C) , and again, this defect was stronger and apparent earlier than in P-Rex2 Ϫ/Ϫ mice. The basic sensorimotor functions of P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice (SHIRPA test) were normal (data not shown), as was their acoustic startle (Fig. 6D) . Prepulse inhibition seemed altered (Fig. 6D) , but given the variation observed in this test with P-Rex2 Ϫ/Ϫ mice between different ages and cohorts, we doubt this reflects a true defect. Stride length in P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice was significantly reduced, more so at this early age than in 15-month-old P-Rex2 Ϫ/Ϫ animals (Fig. 6E) . Additionally, P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ animals took longer to walk the footprint course and made more stops along the way than controls (Fig. 6E) , and also did limb clasping when picked up by the tail (Fig. 6F) . Again, these were behaviors we only started to notice in very old P-Rex2 Ϫ/Ϫ mice.
In summary, the P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice are ataxic and display defects in posture, gait, motor activity, and motor coordination consistent with cerebellar dysfunction that are stronger than in P-Rex1 Ϫ/Ϫ or P-Rex2 Ϫ/Ϫ animals, and apparent even at a young age.
Discussion
Cerebellar dysfunction results in ataxia, a lack of balance and coordination of voluntary movements often with disturbances of posture and gait (28) . We have shown here that P-Rex1 and P-Rex2, direct activators of Rac, are expressed in the cerebellum and that they are important regulators of cerebellar morphology and function.
A striking feature of the motor coordination defect in P-Rex2 Ϫ/Ϫ and P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice is the sex difference (females worse than males). The sexual dimorphism is most obvious in the rotarod assay, probably because of this being the most taxing task in our battery of tests, revealing defects that are not otherwise obvious. It seems unlikely that female P-Rex-deficient mice simply have lower fitness levels than controls, because P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice also showed sexually dimorphic displacement behaviors at slow rotarod settings. Instead, P-Rex may be able respond to sexually dimorphic inputs. The mechanisms governing sex differences in cerebellar development leading to dimorphic motor behavior are unknown (36) . In general, sex differences arise from the complex combined effects of gonadal hormone signaling, sex-chromosomespecific gene expression, sexually dimorphic autosomal gene expression, and imprinting (37) . P-Rex genes lie on autosomes, and we have no indication that P-Rex is imprinted or sex-differentially expressed in the brain, so it seems likely that gonadal hormones somehow have an impact on P-Rex signaling.
Our aging study enabled us to show that the motor coordination defect in P-Rex2 Ϫ/Ϫ mice worsens with age. A typical feature of inherited ataxias is their progressive worsening, usually attributed to underlying neuronal degeneration, both in humans and in mice (28, 38) . Purkinje neurons integrate the electrophysiological input from all other types of cerebellar neurons and generate the total electrophysiological output (26, 27) . We found the thinning of the main dendrite in EGFP-P-Rex2 Ϫ/Ϫ Purkinje cells of pups and the disordered appearance of the dendritic trunk in Purkinje cells of adult P-Rex2 Ϫ/Ϫ and P-Rex1
Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice. This morphology defect most likely arises through perturbation of the underlying actomyosin cytoskeletal structure.
To date, loss-or gain-of-function mutations in 23 seemingly unrelated genes have been identified to cause inherited ataxia in humans or mice (39) . Although the pathways leading to cerebellar ataxia are generally still not well understood, it is emerging that many of the proteins encoded by ataxia-causing genes interact with regulators of cell survival and the cytoskeleton (39) . It is likely that lack of P-Rex causes ataxia through reduced Rac activity, and the most obvious route is through a defect in the control of Purkinje cell cytoskeletal structure by the Rac/Pak/Wave pathway. Another possibility might be oxidative stress, which has been linked to the pathogenesis of autosomal-recessive human hereditary ataxias such as the common Friedreich ataxia (28) . ROS formation requires active Rac, and P-Rex1 regulates ROS formation in neutrophils (21, 22) , but ataxia is associated with increased ROS formation and P-Rex deficiency is more likely associated with a decrease. Further work to address the mechanisms underlying the ataxia in P-Rex-deficient mice is underway. The receptors that couple Purkinje cell stimulation to Rac through P-Rex are unknown. It seems likely that the P-Rex family signals on transactivation of GPCRs with protein-tyrosine kinasedependent, PI3K-linked, membrane receptors in the brain (18) . There are many candidate tyrosine kinase-linked receptors, like the NGF receptor that signals to P-Rex1 in PC12 cells (23) . Candidate P-Rex-linked GPCRs in the cerebellum could be glutamate (metabotropic), SDF-1, or sphingosine 1-phosphate receptors (24) . In general, GEFs linking GPCRs to Rac activation in the brain are unknown, in contrast to the RGS domain containing GPCRdependent RhoA-GEFs, which are extensively documented (2) .
One other GEF has been tested in behavioral assays to date: Ras-GRF1 Ϫ/Ϫ mice have hippocampus-dependent learning and memory defects (40) . Ras-GRF1 has dual Ras-and Rac-GEF domains, and it is unknown which confers the behavioral defects (40) .
In this article, we have described a function for P-Rex2. With this, we provide a level of knowledge on the pathways regulating cerebellar morphology and function and their deregulation in ataxia. We are now faced with the exciting task of searching for the Purkinje cell receptors that link P-Rex to Rac activation.
Materials and Methods
This section is a summary of the most important techniques used. A detailed description of all methods can be found in SI Materials and Methods.
Generation of P-Rex2 ؊/؊ , EGFP-P-Rex2, and P-Rex1 ؊/؊ /P-Rex2 ؊/؊ Mice. The P-Rex2 gene was targeted by gene-trapping and P-Rex2 Ϫ/Ϫ mice were derived conventionally. EGFP-P-Rex2 mice were generated by crossing EGFP-Pcp2 transgenic mice (The Jackson Laboratory) with P-Rex2 Ϫ/Ϫ mice. P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice were generated from P-Rex1 Ϫ/Ϫ and P-Rex2 Ϫ/Ϫ mice.
P-Rex1 and P-Rex2 Western Blots. P-Rex1 Western blots were done with mAb 6F12. For P-Rex2, sheep polyclonal antibodies against amino acids 794 -805 and rabbit polyclonal antibodies against amino acids 717-799 of mouse P-Rex2 were raised and affinity-purified.
Cytochemistry, Immunocytochemistry, and Imaging. Cerebella were fixed, sections cut, stained for Calbindin where appropriate, and analyzed by confocal microscopy. High-resolution image analysis was done by using Volocity software.
Behavioral Tests. Behavioral tests were carried out with cohorts of P-Rex2 Ϫ/Ϫ , P-Rex1 Ϫ/Ϫ , and P-Rex1 Ϫ/Ϫ /P-Rex2 Ϫ/Ϫ mice and the appropriate control mice. These tests are described in detail in SI Materials and Methods: rotarod, basic locomotor activity, SHIRPA, beam walking, footprint analysis, limb clasping, acoustic startle and prepulse inhibition, and elevated plus-maze.
